The atomic layer deposition ͑ALD͒ of tin oxide thin films has been examined using in situ quartz crystal microbalance ͑QCM͒ and Fourier transform infrared ͑FTIR͒ techniques. The SnO x films were deposited using sequential exposures of SnCl 4 and H 2 O 2 at temperatures from 150 to 430°C. The linear growth of the tin oxide ALD films was observed by both the mass gain during QCM measurements and the background infrared absorbance increase during FTIR investigations. The FTIR spectra revealed the loss and gain of the O-H stretching vibrations of the hydroxyl group for the SnCl 4 and H 2 O 2 exposures, respectively. The background infrared absorbance also oscillated after each SnCl 4 and H 2 O 2 exposure. The background absorbance increased after SnCl 4 exposure and decreased after H 2 O 2 exposure. QCM measurements were consistent with a tin oxide ALD growth rate of ϳ60 ng cm −2 per cycle. This mass change corresponds to a growth rate of ϳ0.7 Å / cycle at 325°C assuming a SnO 2 density of 6.9 g cm −3 . Additional ex situ surface analysis using x-ray photoelectron spectroscopy ͑XPS͒ and Auger electron spectroscopy ͑AES͒ revealed that the SnO x films grown at 325°C were defined by x Ͻ 2. Atomic force microscope ͑AFM͒ results also showed that the SnO x ALD films deposited on Si͑100͒ wafers have a very rough surface. Understanding and controlling the growth of tin oxide ALD films should be useful to enhance the sensitivity of SnO x gas sensors.
I. INTRODUCTION
SnO 2 is an n-type semiconductor metal oxide that has many applications in various fields due to its special optical, electrical, and chemical properties. Many of these properties result from the ability of SnO 2 to form oxygen vacancies, dislocations or interstitial atoms that produce electron charge carriers. For example, SnO 2 is a transparent conducting material and is widely used in flat panel displays and solar cells.
1,2 SnO 2 is a possible high capacity anode for next generation lithium ion batteries. 3, 4 SnO 2 can also be used as a catalyst for oxidation of CO, CH 4 and the other organic molecules. 5, 6 Tin oxide can also change its resistivity corresponding to gas adsorption and is widely used as a gas sensing material for the detection of combustible and toxic gases. 7, 8 The oxygen vacancies in SnO 2 yield high conductivity and low electrical resistivity typically around ϳ10 −2 ⍀ cm. The adsorption of O 2 from air removes the electron charge carriers from the surface region of SnO 2 and is believed to form O 2 − , O − , and O 2− oxygen surface species at certain temperatures. 9, 10 The resulting electron-depleted space-charge region has a much lower electrical conductivity. When exposed to combustible gases, the surface oxygen species react to form combustion products. This reaction lowers the oxygen species coverage, returns the free electron charge carriers to the SnO 2 metal oxide and increases the electrical conductivity.
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Highest sensitivities for SnO 2 gas sensors are expected when the film thickness is comparable with the surface depletion layer thickness. This expectation is supported by gas sensor sensitivity studies on nanoparticles. 7, 12 The surface depletion layer is the length over which an adsorbed gas can perturb the underlying metal oxide. The depth of this space-charge region is measured by the Debye length which is defined by L D = ͑⑀ kT/ nq 2 ͒ 1/2 where ⑀ is the static dielectric constant, n is the charge carrier concentration, and q is the carrier charge. 13 The Debye length for a thin sputtered SnO 2 film has been reported to be as small as 3 nm at 250°C. 14 Charge carriers in SnO 2 are conducted by the entire film thickness. If the Debye length is only a fraction of the entire film thickness, the sensitivity of the film to an adsorbed gas will be low because the majority of the charge carriers will not be perturbed by the surface space-charge region. If the Debye length and the entire film thickness are nearly equal, large sensitivities can be obtained because the charge carriers will be confined to travel in the surface space-charge region. 15 The film conductivity will then be expected to change dramatically with gas adsorption. Although most discussions of tin oxide focus on SnO 2 , oxygen is easily lost from SnO 2 to form SnO x where x Ͻ 2. a͒ Electronic mail: steven.george@colorado.edu X-ray photoelectron studies have shown that annealing amorphous tin oxide films at 300°C can reduce the Sn:O stoichiometry at the film surface from 1:2 to 1:1.4. 16 Additional XPS studies have also identified SnO on the surface of tin oxide films. 17 SnO is a semiconductor and is active as a gas sensor. 18, 19 Nonstoichiometric mixtures of SnO and SnO 2 with Sn 2+ and Sn 4+ oxidation states, respectively, are semiconductors and may also act as gas sensors. 16 Given the facility of SnO 2 to lose oxygen, the tin oxide ALD films will be described as SnO x where x Ͻ 2.
Atomic layer deposition ͑ALD͒ techniques may be useful to deposit an ultrathin tin oxide film on a high surface area substrate to produce a SnO x gas sensor with enhanced sensitivity. ALD is a thin film deposition technique that employs sequential self-limiting surface reactions. [20] [21] [22] ALD can deposit ultrathin films with high conformality and precise thickness control. Tin oxide ALD can be accomplished using sequential exposures of SnCl 4 and H 2 O at temperatures from 300 to 600°C. 23 The proposed surface chemistry for tin oxide ALD using SnCl 4 25, 26 SnO x ALD has been demonstrated on high surface area porous silicon substrates. 27, 28 SnO x ALD at lower growth temperatures has also been employed to fabricate smooth amorphous gas sensing films. 29 However, this previous research has not explored SnO x ALD using in situ techniques. Optimization of the sensitivity of tin oxide ALD films as gas sensors will be greatly facilitated using in situ techniques to monitor simultaneously both SnO x ALD film growth and the electrical properties of SnO x ALD films. In this study, tin oxide ALD is examined using quartz crystal microbalance ͑QCM͒ and transmission Fourier transform infrared ͑FTIR͒ in situ techniques. The QCM and FTIR techniques can be conducted concurrently in a viscous flow ALD reactor designed for in situ analysis. The QCM measurements can monitor the mass changes during SnO x ALD. The FTIR investigations can observe the surface species during SnO x ALD. In addition, the background absorbance of the FTIR spectra is dependent on the electrical conductance of the SnO x ALD film. Additional ex situ techniques such as x-ray photoelectron spectroscopy ͑XPS͒, Auger electron spectroscopy ͑AES͒, x-ray diffraction ͑XRD͒, and atomic force microscopy ͑AFM͒ were also used to determine the composition and structure of the tin oxide ALD films.
II. EXPERIMENT
The tin oxide films were grown in a viscous flow ALD reactor designed for in situ QCM and FTIR studies. The basic design of this viscous flow ALD reactor has been described previously. 30 The viscous flow reactor is composed of three basic sections: Reactant delivery lines; a specially designed four-way cross with 2.75 in. Conflat flanges for the in situ probing; and the vacuum pumping system. A schematic of the four-way cross for the in situ QCM and FTIR probing techniques is shown in Fig. 1 .
The IR beam passes through CsI salt windows installed on the two side ports of the four-way cross. The gas line feeding the reactants is attached to the front port. The sample mount holding the QCM and the sample for the transmission FTIR studies is installed at the back port through a standard six-way cross. This assembly is pumped by an Alcatel 2015 mechanical pump. In addition, a Baratron is also attached to the six-way cross to monitor the pressure inside the reactor chamber. Outside of the four-way cross is a ceramic heater. Temperatures inside the reactor are controlled with a precision of ±0.05°C. The ability to keep this temperature constant enables the QCM to operate at relatively high temperatures.
Ultrahigh purity nitrogen is supplied by mass flow controllers with a maximum throughput of 1000 sccm. This N 2 carrier gas delivers the SnCl 4 and H 2 O 2 reactants. The N 2 also serves as the gas purge between the reactant exposures. The base pressure inside the ALD reactor stabilizes at ϳ0.9 Torr using a total nitrogen throughput of 100 sccm. At this gas flow rate, the flow velocity is 1.4 m / s. Under these viscous flow conditions, the reactant gases are entrained in the N 2 carrier flow and the reactants and products can be easily delivered and swept from the ALD reactor.
SnCl 4 with a purity of Ͼ95% was obtained from Gelest. Hydrogen peroxide was 50% by weight and was obtained from Sigma-Aldrich. The SnCl 4 liquid source was used at room temperature. The H 2 O 2 source was held at 30°C using a water bath. Ultrahigh purity N 2 with a throughput of 100 sccm was used as the carrier and purge gas. During the experiments, a N 2 purge of 15 s was sufficient to remove the residual reactants and prevent chemical vapor deposition with the subsequent reactant.
The reactant exposure sequence was defined by t 1 -t 2 -t 3 -t 4 where t 1 is the SnCl 4 exposure time, t 2 is the purge time after the SnCl 4 exposure, t 3 is the H 2 O 2 exposure time, and t 4 is the purge time after the H 2 O 2 exposure. All the times are given in seconds. Typical pressure transients of ϳ2 -5 mTorr were observed when the reactants were pulsed into the carrier flow.
The QCM operates in thickness-shear mode and can detect submonolayer to monolayer coverages. The mass sensitivity of the Maxtek TM-400 QCM is ϳ0.4 ng cm −2 . The quartz crystal used for these QCM experiments was unpolished with a gold coating. These unpolished crystals typically have a surface area ϳ20% more than a polished surface. To prevent depositing on both sides of the quartz crystal, N 2 was fed through the original water cooling tubes to purge the back side of the quartz crystal. 30 The precisely controlled ceramic heater led to stable QCM operation even though the quartz crystal frequency is very dependent on temperature. 30, 31 Fourier transform infrared spectroscopy ͑FTIR͒ is capable of characterizing the surface chemical species and identifying the surface species. 32, 33 These FTIR studies employed a Nicolet Nexus 670 model FTIR with a MCT/B infrared detector. To prevent deposition on the CsI windows, the windows were isolated from the reactor using gate valves. High surface area samples are needed for transmission FTIR investigations. 32, 33 The FTIR sample was prepared by pressing SiO 2 powders into a tungsten grid using a stainless steel die. [32] [33] [34] The SiO 2 powders obtained from Aldrich had an average size of 14 nm and a purity of 99.8%. The tungsten grid had a spacing of 100 line in −1 and was obtained from the Buckbee Mears Co. The tungsten grid had a dimension of 2 cm ϫ 3 cm and a thickness of 50 m. The tungsten grid was attached across the leads of an electric feedthrough. When current was applied, the tungsten grid could resistively heat the SiO 2 powder in the tungsten grid.
The QCM experiments were conducted with the N 2 carrier gas flowing continuously through the ALD reactor. The N 2 carrier gas did not flow continuously during the FTIR investigations. During these FTIR experiments, the chamber was first evacuated to the base vacuum level of several milli-Torr. Subsequently, the ALD reactor was isolated from the pump and the reactant was dosed into the ALD reactor. Reactant exposures were conducted for ϳ60 s to ensure complete reaction. The reactant exposures were ϳ1.6ϫ 10 8 Langmuir ͑1 Langmuir= 1 ϫ 10 −6 Torr s͒. The ALD reactor was then opened to the mechanical pump. A N 2 purge of 30 s was used to quickly purge the residual reactants. After the purge, the ALD reactor was evacuated for ϳ4 min. During this evacuation, the gate valves were opened and the FTIR spectrum was recorded to monitor the surface species and the growth of the ALD film. This procedure was utilized for each reactant exposure. The ALD reaction cycles were accomplished by repeating this procedure.
Tin oxide ALD films were also deposited on polished p-type Si͑100͒ wafers. These SnO x films were evaluated using a variety of ex situ techniques such as x-ray photoelectron spectroscopy ͑XPS͒, Auger electron spectroscopy ͑AES͒, x-ray diffraction ͑XRD͒, and atomic force microscopy ͑AFM͒. These ex situ techniques were able to determine the film composition, surface morphology and crystal structure.
AES analysis was performed in a vacuum chamber designed with a vacuum load lock, two connected ALD chambers and an adjoining surface analysis chamber. The AES was accomplished using a single-pass cylindrical mirror analyzer. XPS was performed using a PHI 5600 XPS spectrometer using the Mg x-ray source and a hemispherical analyzer electron analyzer. XRD analysis was recorded using a Bede D1 high resolution x-ray diffractometer. AFM investigations were accomplished using a Park Autoprobe CP scanning microscope.
Cleaning the Si͑100͒ wafers was performed using a variety of solutions. The SC1 procedure uses a base/oxidizer mixture of H 2 O, H 2 O 2 ͑30% ͒, and NH 4 OH͑29% ͒ with a ratio of 5:1:1. The SC2 procedure uses an acid/oxidizer mixture of H 2 O, H 2 O 2 ͑30% ͒, and HCl with a ratio of 5:1:1. Both SC1 and SC2 procedures were conducted at ϳ75°C for 10 min. The HF cleaning procedure was conducted at room temperature for 3 min using a mixture of HF and H 2 O with a ratio of 1:4.
III. RESULTS AND DISCUSSION
A. In situ QCM studies of tin oxide ALD . The SnO x ALD growth is extremely linear. The SnO x ALD growth rate is ϳ60 ng cm −2 per cycle or ϳ0.7 Å per cycle based on a SnO 2 density of 6.9 g cm −3 . Figure 3 shows an enlarged view of the mass changes during two SnCl 4 -H 2 O 2 reaction cycles. The pressure changes in the reactor are also shown at the bottom of Fig. 3 . A large mass increase of 58 ng cm −2 occurs during the SnCl 4 exposure. These mass changes should reflect the underlying surface chemistry during SnO x ALD. Equations ͑3͒ and ͑4͒ propose the possible surface reactions during the SnCl 4 and H 2 O 2 exposures. These surface reactions yield the correct products for the reaction SnCl 4 +H 2 O 2 → SnO 2 +2HCl+Cl 2 that is thermodynamically most favorable.
The SnCl 4 reaction results in a net mass increase of 188 amu. Assuming Eq. ͑3͒ for the reaction of SnCl 4 with two hydroxyl groups, the observed mass increase of 58 ng cm −2 is consistent with a reactive hydroxyl coverage of 3.7 ϫ 10 14 cm −2 . The hydroxyl coverage on SnO 2 has been reported to be 3.7ϫ 10 14 cm −2 at room temperature. 35 However, this earlier measurement mistakenly reported the H 2 O desorption yield as the hydroxyl coverage. 35 The hydroxyl coverage should be two times higher since two hydroxyl 14 cm −2 expected from the QCM measurements. However, the hydroxyl coverage was measured from H 2 O gas evolution from a high surface area SnO 2 sample. 35 The possible errors in the measured H 2 O evolution and SnO 2 surface area could explain the differences. The QCM results during the H 2 O 2 reaction can also be partially explained by the proposed surface chemistry. According to Eq. ͑4͒, the H 2 O 2 reaction with the SnCl 2 * species should produce a mass loss of −37 amu per SnCl 2 * species. Assuming an initial hydroxyl coverage of 3.7ϫ 10 14 cm −2 , the predicted mass loss is −7 ng cm −2 . Figure 3 shows that the mass loss after the H 2 O 2 reaction is negligible. The mass loss displayed in Fig. 3 is at the most −2 ng cm −2 . This slight discrepancy between the predicted and observed mass loss suggests that additional mass is incorporated during the H 2 O 2 exposure that minimizes the mass loss predicted by Eq. ͑4͒. One possibility is that oxygen atoms may diffuse into the SnO x bulk during the H 2 O 2 exposure. This oxygen incorporation may occur to fill oxygen vacancies left behind during SnO x ALD. This possibility is very speculative but possible, given the facility for SnO x to exist over a wide range of stoichiometries with x Ͻ 2.
The QCM was also used to evaluate the mass change versus exposure time for both of the reactants. These results are shown in Fig. 4 . Each of the data points in Fig. 4 Assuming a SnO 2 density of 6.9 g / cm 3 , the mass gain at saturation yields a SnO x ALD growth rate of 0.7 Å / cycle at 325°C. This growth rate is larger than the SnO x ALD growth rates estimated earlier using SnCl 4 and H 2 O 2 reactants. 24 Based on x-ray fluorescence spectroscopy measurements at 600°C, the SnO x ALD growth rate was 0.3 Å / cycle. 24 Using this value to scale the results at other growth temperatures, a SnO x ALD growth rate of 0.4 Å / cycle is estimated at 325°C. 23 Temperature has a significant influence on the SnO x ALD growth rate. Figure 5 displays the mass gain after 20 SnCl 4 -H 2 O 2 AB cycles using the exposure sequence 0.20-15-0.15-15. The mass gain increases gradually with temperature and reaches the maximum value at 400°C. Subsequently, the mass gain decreases at growth temperatures above 400°C. Similar temperature dependence was observed by the earlier studies of SnO x ALD using SnCl 4 and H 2 O 2 . 24 The maximum SnO x ALD growth rate was reached at 400°C and the growth rates decreased at temperatures above 400°C. 24 The temperature dependence suggests that SnO x ALD is controlled by surface chemistry kinetics at temperatures ഛ400°C. Above 400°C, the lower growth rates can be explained by the reduction of the hydroxyl ͑SnOH * ͒ or chloride ͑SnCl * ͒ coverage. When using Al͑CH 3 ͒ 3 and H 2 O reactants, the lower Al 2 O 3 ALD growth rates at higher temperature were also linked to the reduction of the hydroxyl ͑AlOH * ͒ and methyl ͑AlCH 3 * ͒ coverage. 36 Another possibility is that reactant desorption limits the SnO 2 ALD growth rate at higher temperatures.
B. In situ FTIR studies of tin oxide ALD
The surface species during SnO x ALD can be monitored by transmission FTIR spectroscopy using high surface area samples. According to Eqs. ͑3͒ and ͑4͒, the SnO x ALD surface chemistry should be characterized by SnOH * species after H 2 O 2 exposures and SnCl * species after SnCl 4 exposures. The SnOH * species can be recognized using the O-H stretching vibration. The SnCl * can be identified using the Sn-Cl stretching vibration. Unfortunately, strong absorption by the SiO 2 powder used to study the SnO x ALD obscures many vibrational features Ͻ1400 cm −1 . The Sn-Cl stretching vibrations located at ϳ360-380 cm −1 37 are masked by the strong SiO 2 bulk vibrational modes.
The O-H stretching vibration at ϳ3740 cm −1 is in a region clearly removed from any SiO 2 absorption. This vibration feature can be followed easily during the AB reaction cycles that define SnO x ALD. Figure 6 shows the O-H stretching vibrations during the sequential SnCl 4 and H 2 O 2 exposures. The SnCl 4 exposure reacts with the SnOH * species and removes the O-H stretching vibration. The H 2 O 2 exposure reacts with the SnCl * species and returns the SnOH * species and the O-H stretching vibration to the FTIR spectrum. The difference spectra in Fig. 6 are referenced to the spectrum following the previous reactant exposure. These difference spectra have been displayed for clarity in the presentation.
SnO 2 is an n-type semiconductor because oxygen vacancies in SnO 2 produce free electron charge carriers. These free electron carriers give rise to absorption of infrared light according to the Drude-Zener theory. 38, 39 The infrared absorbance is directly related to the electrical conductance. 39 Unlike the absorption from the O-H stretching vibration, this free carrier absorption is very broad and structureless. Figure  7 shows the absorbance of the SnO x ALD film versus number of SnCl 4 -H 2 O 2 AB reaction cycles. The background infrared absorbance grows progressively with a number of AB cycles.
There are no absorption modes from surface species at 2500 cm −1 . Figure 8 shows the absorbance at 2500 cm −1 versus number of AB reaction cycles. The absorbance asymptotically levels off at an absorbance of ϳ1.8 after 40-50 AB cycles. This limiting absorbance is caused by a small number of pinholes in the tungsten grid. In the presence of a small number of pinholes, a fraction of the infrared light is never attenuated versus number of AB cycles. This small amount of infrared light passing through the tungsten grid sets an upper limit on the absorbance. An absorbance of ϳ1.8 indicates that the pinholes represent ϳ1.6% of the surface area of the tungsten grid. Improvements in pressing the SiO 2 powders into the tungsten grid have led to higher limiting absorbances of ϳ3.3.
In addition to the infrared absorbance from free electron carriers, the absorbance from a SnO 2 bulk vibrational mode grows progressively with a number of SnCl 4 -H 2 O 2 AB reaction cycles. Figure 9 shows the infrared absorbance in the region from 400 to 900 cm −1 . There are prominent SiO 2 bulk absorption modes at ϳ475 and ϳ810 cm −1 . Between these SiO 2 absorption peaks, the absorbance from the SnO 2 bulk vibrational mode increases during SnO 2 ALD film growth. Earlier studies have identified the SnO 2 bulk vibrational mode at 500-750 cm −1 . 40, 41 This absorption feature increases progressively with the number of AB cycles.
The background absorbance increases progressively with the number of SnCl 4 Figure 10 shows the infrared absorbance at 2500 cm −1 versus the number of AB cycles. A distinct oscillation is superimposed on the linear increase of the absorbance with the number of AB cycles. Similar oscillations during the growth of ZnO ALD films were observed by recent FTIR investigations. 42 The absorbance is higher and the electrical conductance is higher when the SnCl * species are on the surface. The absorbance is lower and the electrical conductance is lower when SnOH * species are on the surface. The surface species may change the absorbance and electrical conductance by increasing or decreasing the free carrier concentration in the SnO x ALD film. Assuming that the surface species add or withdraw electrons, the results would suggest that the SnOH species withdraw more electrons or add less electrons than the SnCl * species. This behavior may be expected based on electronegativities.
The effect of the surface species is not only determined by the ability of the surface species to reduce or increase electron charge carriers. The surface species may also act like a field effect transistor ͑FET͒ where the surface charge acts as a switch for the underlying charge carriers. 43 The surface charge and the resultant dipole properties may also act to scatter the underlying charge carriers.
14 Identifying the exact mechanism for the effect of these surface species is very important and closely related to understanding how these semiconductor metal oxides function as gas sensors.
C. Ex situ studies of tin oxide ALD film properties
SnO x ALD films were deposited on Si͑100͒ wafers in the viscous flow reactor at 325°C using the exposure sequence 0.20-15-0.15-15. The films for the AES and XPS studies were prepared using 500 AB cycles. The AES and XPS analysis revealed high purity tin oxide films. AES measurements performed without any initial Ar + sputtering revealed a small 1.6 at % chlorine AES signal. However, XPS measurements conducted after Ar + sputtering did not detect any chlorine above the background noise level. These results suggest that the small chorine impurity remains at the surface of the SnO x film.
A comparison of the Sn͑MNN͒ and O͑KLL͒ AES signals from the surface of the SnO x ALD films yielded a surface composition of SnO x where x = 1.1-1.2. XPS investigations of the SnO x ALD films also revealed a composition that was low in oxygen. The XPS analysis following Ar + sputter cleaning yielded a composition of SnO x where x = 1.4-1.5. These low oxygen compositions are consistent with earlier XPS investigations that observed tin monoxide on the surface of SnO x films. 17 Additional XPS studies also revealed that the stoichiometry of SnO 2 films could be reduced from 1:2 to 1:1.4 by annealing at 300°C. 16 X-ray diffraction ͑XRD͒ investigations also explored the structure of the SnO x ALD films. These films were prepared using 750 AB cycles. These XRD studies revealed either that the SnO x film was amorphous or that the SnO x film did not have large enough crystalline grain sizes to yield diffraction patterns. No characteristic peaks were observed that were consistent with previous XRD reports of SnO 2 or SnO. 18, 19, 44 The SnO x ALD films were also examined using atomic force microscopy ͑AFM͒. AFM revealed that SnO x ALD films grown at 325°C displayed a surface roughness that increased with the number of SnCl 4 -H 2 O 2 AB reaction cycles. The roughest SnO x ALD films were observed after silicon surface cleaning that included HF-etching. For a surface cleaning procedure of SC1, SC2, HF, and SC2, the root mean squared ͑rms͒ roughness was ϳ0.2 nm after cleaning, ϳ3 nm after 500 AB cycles and increased to ϳ10 nm after 1000 AB cycles.
The SnO x ALD films were considerably smoother when not employing the HF-etching cleaning step. For a surface cleaning procedure of SC1 and SC2, the rms surface was ϳ1 nm after 250 AB cycles and increased to ϳ2 nm after 500 cycles. These differences between the surface cleaning procedures may reflect differences for SnO x ALD nucleation and growth on different initial cleaned Si͑001͒ wafers.
AFM measurements also determined the step height after masking a small area on the Si͑100͒ wafer with an aluminabased inorganic adhesive ͑Ceramabond 503 from Aremco Products, Inc.͒. A SnO x ALD film was then grown using 1000 AB cycles before removing the mask. The step height at the edge of the deposited SnO x ALD film was 700-800 Å. This thickness is consistent with a SnO x ALD growth rate of 0.7-0.8 Å / cycle. These AFM measurements are in very good agreement with the QCM measurements. 
IV. CONCLUSIONS
SnO x ALD has been examined using in situ quartz crystal microbalance ͑QCM͒ and Fourier transform infrared ͑FTIR͒ techniques. Alternating exposures of SnCl 4 and H 2 O 2 were employed in a sequence to deposit SnO x at temperatures from 150 to 430°C. The FTIR spectra observed the loss and gain of O-H stretching vibrations after each SnCl 4 and H 2 O 2 exposure. Very linear SnO x growth characteristic of ALD was monitored by both the QCM measurements of mass gain and the FTIR measurements of the background infrared absorbance and absorbance from the SnO 2 bulk vibrational mode. The mass gain was consistent with a SnO x ALD growth rate of ϳ0.7 Å per AB reaction cycle at 325°C. Ex situ AFM measurements were also consistent with this SnO x ALD growth rate.
The background infrared absorbance of the SnO x ALD films increased with number of SnCl 4 -H 2 O 2 AB reaction cycles. This background infrared absorbance is attributed to electrical conductance from electron free carriers resulting from oxygen vacancies in SnO 2 . The background absorbance increases linearly until the absorbance is limited by pinholes in the tungsten grid used to record the FTIR spectrum. The background absorbance also oscillated versus SnCl 4 and H 2 O 2 exposures. The absorbance was higher after the SnCl 4 exposures and lower after the H 2 O 2 exposures.
These results may be relevant to an understanding of SnO 2 gas sensors. The increase in infrared absorbance following SnCl 4 exposures may indicate that SnCl * species act to donate more/withdraw less free electron charge carriers into/from the SnO x film and increase the electrical conductance. Likewise, the decrease in infrared absorbance following H 2 O 2 exposures may indicate that SnOH * species act to donate less/withdraw more free electron charge carriers into/ from the SnO x film and decrease the electrical conductance. FTIR is a powerful in situ technique to study the mechanism of SnO 2 gas sensors. FTIR can simultaneously evaluate the surface species the infrared absorption by their vibrational modes, measure the film thickness by quantifying the absorbance of the SnO 2 bulk vibrational features and measure the electrical conductance by recording the background infrared absorbance.
